Melanoma is the most aggressive form of skin cancer and accounts for the vast majority of skin cancer-related deaths. Its ability to metastasize quickly, often before diagnosis, makes this cancer difficult to treat with traditional therapies. The identification of anti-melanoma immune responses in patients and the discovery of tumor antigens targeted by these immune responses have paved the way for immunotherapy as a novel approach to treating this cancer. In this review, the major immunotherapies targeting these melanoma tumor antigens are discussed. The advantages and limitations of peptide-, protein-, and gene-based vaccination maneuvers and adoptive cell transfer therapies are emphasized. Recent insights into melanoma immune evasion strategies are also highlighted, with particular focus on how our increasing knowledge of tumor/immune cell interactions is driving the development of novel immunotherapeutic strategies for the treatment of melanoma.
Introduction
Melanoma, a type of cancer derived from pigment-producing melanocytes of the skin, is a disease of major public health significance. Although it is less common than non-melanoma skin cancers (basal cell carcinoma and squamous cell carcinoma), melanoma is by far the most lethal form of skin cancer due to its propensity to metastasize to a number of vital organs, including the brain, lungs, liver, and other visceral organs [1] . Recent data collected by the International Agency for Research on Cancer estimate that nearly 200,000 cases of melanoma are diagnosed annually worldwide, and approximately 46,000 cancer-related deaths are attributed to melanoma each year [2] . In the United States alone, melanoma is the sixth most common fatal malignancy, accounting for approximately 4% of all cancer-related deaths [3] , and studies conducted by the Surveillance, Epidemiology, and End Results (SEER) program and others have shown that melanoma incidence rates have continually increased over the previous 40 years [ [4] [5] [6] . Additionally, the annual direct costs for treating melanoma patients in just the United States are estimated to be over $2.8 billion [7] . Taking into account that a recent study ranked North America only fourth in melanoma incidence worldwide [8] , these statistics and economic impacts of melanoma cases become even more overwhelming and highlight the need to address treatment strategies for this global public health concern.
Although surgical removal of early-stage primary melanomas is highly successful in eradicating disease, the majority of melanoma patients are not diagnosed until later stages of metastatic disease. In these cases, surgery is oftentimes either not possible or largely ineffective as a treatment [9] , and five-year survival rates for melanoma patients drop from 98.7% for those with localized disease to a staggering 15.5% for individuals with malignant melanoma [10] . Additionally, traditional systemic therapies such as chemotherapy and radiation also exhibit limited efficacy and are characterized by variable response rates, lack of durable responses, toxic side effects, and minimal impact on survival [1, 11, 12] . Therefore, alternative therapeutic approaches are necessary as treatment options for patients with metastatic melanoma.
Evidence for Immunity to Melanoma and Identification of Melanoma Tumor Antigens
The concept of anti-tumor immunity is relatively new to the field of immunology. Once largely ignored because of the idea that tolerance to self antigens (Ag) would preclude an immune response to transformed tumor cells derived from the host's self, this field has seen an explosion of data over the past 30 years, and it is now widely accepted that 1) anti-tumor immune responses can be induced and 2) tumor cells can be eradicated by host anti-tumor immune responses. Some of the first evidence for the existence of anti-tumor immunity came from clinical studies documenting a link between melanoma and vitiligo, or autoimmune depigmentation of the skin resulting from destruction of melanocytes. That the same source of host cells (melanocytes in this case) giving rise to cancer could also be the target of autoimmune destruction suggested the potential for immune recognition of melanoma, and this hypothesis was supported by studies in the 1960s reporting regression of primary and metastatic melanomas in patients who developed vitiligo either spontaneously or following treatment [13, 14] . Subsequent studies later documented that the development of vitiligo is a positive prognostic factor for survival of patients with early stage melanoma [15, 16] , and similar findings have recently been reported with respect to metastatic melanoma as well [17] .
To complement those studies demonstrating a link between vitiligo and enhanced survival of melanoma patients, additional support for immunity to melanoma began to emerge in the 1980s from studies reporting that tumor-specific cytotoxic T lymphocytes (CTL) could be recovered from either the blood or tumors of melanoma patients [18, 19] . Shortly thereafter, it was shown that CD8 + T cell clones isolated from melanoma patients were capable of recognizing shared Ag expressed by both melanoma cells and normal melanocytes [20] . With the demonstration that self Ag expressed on melanoma cells could be recognized by CD8 + T cells, significant efforts became focused on identifying these Ag because of their ability to serve as targets of anti-tumor immune responses and because of their potential utility in the design of anti-melanoma immunotherapies.
Over the last 20 years, a number of melanoma Ag capable of being recognized by T cells have been identified. The first groups of these Ag to be discovered were tumor-associated Ag belonging to the cancer testis Ag and the melanocyte differentiation protein-derived Ag families. Cancer testis Ag are normally restricted in their expression to immune privileged adult germ-line cells but become aberrantly expressed in a number of cancer types, making them attractive targets for immunotherapies because of the limited risk of cross-reactivity against healthy host tissue. Van der Bruggen et al. cloned the first cancer testis Ag, MAGE-A1, in 1991 [21] , and since that time several other cancer testis Ag, including additional members of the MAGE family as well as BAGE/ GAGE family members and NY-ESO, have all been found to be expressed by melanomas. The identification of these tumor-associated Ag has recently been reviewed elsewhere [22] . At the same time, melanocyte differenttiation proteins, which are proteins involved in pigment production by normal melanocytes, were also found to be the source of several Ag also expressed on melanomas and recognized by tumor-infiltrating lymphocytes. These Ag, which include epitopes of MART-1/Melan-A, gp100, TRP-1, TRP-2, and tyrosinase, were shown to be presented in the context of a variety of HLA restriction elements [23] [24] [25] [26] [27] and therefore became candidate targets for melanoma immunotherapies as well. Importantly, subsequent research using both standard and preclinical murine models also identified in the murine system melanocyte differentiation protein-derived Ag homologous to their human counterparts [28] [29] [30] , making it possible to evaluate a number of criteria important for consideration in the development of human melanoma immunotherapy clinical trials, including the mechanisms by which tumorassociated Ag are presented to CD8 + T cells [31] , the impact of self-tolerance on the induction of immune responses against a shared Ag [32, 33] , and the efficacy of immunotherapeutic strategies in eliciting host immune responses against these Ag [33] [34] [35] . Such model systems continue to be important for improving our understanding of anti-tumor immunity and for refining and optimizing melanoma immunotherapies that target these shared tumor Ag.
In addition to their expression of several shared cancer testis Ag and melanocyte differentiation protein-derived Ag, a number of melanomas have also been shown to express tumor-specific Ag recognized by T lymphocytes. These Ag include unique epitopes resulting from mutations to CDK4 [36] , β-catenin [37] , and MUM-1 [38] that are recognized by CD8 + T lymphocytes, as well as tumor-specific epitopes derived from CDC27 [39] and LDLR/FUT [40] that are HLA class II-restricted and recognized by CD4 + T lymphocytes. Most recently, phosphopeptides have also been identified on melanomas as a novel class of tumor-specific Ag. Many of these Ag are derived from proteins that become phosphorylated during the transformation process, so while the source proteins are shared between both melanoma cells and healthy melanocytes, the phosphorylated epitopes are expressed uniquely or differentially by melanoma. Zarling et al. have reported the identification of such phosphopeptides expressed on multiple human melanoma cell lines, including phosphorylated epitopes derived from CDC25b, IRS2, and β-catenin [41] . Importantly, in this study it was shown using a preclinical murine model that these phosphopeptides are distinguished from their nonphosphorylated counterparts by CTL generated in response to immunization with phosphopeptide-pulsed bone marrow-derived dendritic cells (BMDC), and the CTL generated were capable of recognizing endogenously processed phosphopeptides on melanoma cell lines. Similarly, MHC class II-restricted phosphopeptides have also been found to be expressed by human melanomas, and phospho-MART-1-specific CD4 + T cells recovered from PBMC of a melanoma patient were able to recognize HLA-DR1 + , MART-1 + allogeneic melanoma cells derived from a number of melanoma patients [42] . Such tumor-specific Ag carry significant promise for their potential use in melanoma immunotherapies because, when compared to tumor-associated Ag shared by both melanoma cells and healthy melanocytes, their use overcomes the need to break tolerance to self Ag and minimizes the risk of cross-reactivity that could contribute to undesirable autoimmune disease.
Current Approaches and Obstacles to
Melanoma Immunotherapy
Peptide/Protein-Based Cancer Vaccines That Target Melanoma Ag to Host Antigen-Presenting Cells
The identification of a large number of tumor Ag expressed by melanoma has paved the way for delivery of these Ag as cancer vaccines designed to evoke host antitumor immune responses. Delivery of these Ag may occur in a variety of forms, many of which rely on processing and/or presentation of Ag to host T lymphocytes by endogenous antigen-presenting cells (APC). Peptideand protein-based melanoma vaccines involve direct administration of synthetic melanoma Ag to the host and in their simplest form have been met with minimal success. One of the first cancer vaccine clinical trials conducted involved immunization of melanoma patients with a cancer testis Ag MAGE-3-derived peptide. In this study, only 2 of 14 patients exhibited partial tumor regression, and it is unclear whether this regression was attributable to vaccine efficacy as no MAGE-3 peptide-specific lymphocytes were detected in patients following immunization [43] . Alternatively, an early study in which melanoma patients were immunized with the immunodominant epitope derived from the melanocyte differentiation protein MART-1/Melan-A demonstrated an increased frequency of peptide-specific precursors in PBMC of several immunized patients, but detection of specific cytotoxicity by these cells required multiple in vitro restimulations, and tumor regression was not observed in any patients [44] . Similarly, another group conducting a MART-1 peptide vaccine in patients with resected melanoma reported that although ~50% of immunized patients exhibited an increase in Ag-specific reactivity toward this peptide as determined by IFNγ ELISA analysis following in vitro restimulation of isolated PBMC, the number of Ag-specific CTL measured via ELISPOT assay indicated a low precursor frequency of these cells following vaccination, and there was no correlation between ELISPOT activity and relapse-free survival in these patients [45] . One possible explanation for the poor clinical outcome of these early trials is that vaccine efficacy was limited by self-tolerance to the shared tumor Ag that was used for immunization. To address this potential issue, subsequent studies were conducted utilizing modified peptide vaccines. Melanoma patients immunized with a gp100 peptide modified by a single amino acid substitution of threonine to methionine at position 2 (which also increased the peptide's binding affinity for HLA-A2) exhibited significantly greater CTL responses against both the native gp100 peptide and melanoma cells than did patients immunized with the unmodified peptide (91% versus 25%) [46] . Ag-specific reactivity of PBMC from patients immunized with the modified gp100 epitope was also observed without the need for any in vitro restimulation, indicating the induction of significantly higher frequencies of Ag-specific cells achieved with this modified peptide vaccine when compared to the frequency of those cells observed in the aforementioned studies involving vaccination with native peptides. However, despite the enhanced response to immunization with the modified gp100 peptide, objective cancer regression was not observed in any of these patients, and less than 25% of the patients exhibited even mixed responses with complete or partial regression of some lesions. Similar data were obtained by another group utilizing this modified gp100 peptide; while robust Ag-specific CD8 + T cell responses were consistently elicited in vaccinated patients, objective clinical benefits remained variable [47, 48] .
The paradoxical outcomes of these early peptide-based vaccine clinical trials that achieved enhanced levels of tumor-specific CD8 + T cell responses in patients yet often limited or no clinical benefit may be explained by the possiblity that tumor "evolution" in the face of a functional anti-tumor immune response resulted in the recurrence or progression of disease characterized by melanoma cells that could no longer be recognized by the Ag-specific immune effectors elicited through vaccinetion. Because CD8 + T cells must recognize Ag in the context of an appropriate restriction element, tumors may disguise themselves by either downregulating expression of a particular epitope or by downregulating expression of the restriction element necessary for presenting that epitope. Accordingly, loss of HLA class I expression has been reported for a variety of human tumors [49] , including melanomas from patients receiving immunotherapy [50] . Furthermore, downregulation or mutation of molecules associated with Ag processing and presentation, such as the transporter associated with Ag processing (TAP), can lead to decreased expression of HLA molecules and/or lower levels of Ag expression on the tumor cell surface [51, 52] , and this phenomenon has been observed both in melanoma patients [53] and in the B16 murine melanoma model system [54] . While downregulation of HLA molecules by tumors may confer resistance to recognition by CTL, it could also make them susceptible to attack by NK cells [55] . On the other hand, maintenance of HLA expression but selective loss of Ag expression by melanoma would enable immune escape from both potential effector cells. Interestingly, anti-tumor CD8 + T cell responses that are effective in eliminating tumor cells may actually contribute to the process of tumor immune escape by driving the selection of Ag-loss variants, and such selection has been seen in melanoma patients immunized with synthetic MDP-derived peptides. For example, whereas tumor metastases in axillary lymph nodes expressed MART-1/Melan A prior to immunization, growing metastases at this site showed reduced Ag expression 3 months after a vaccination that elicited MART-1/Melan A-specific CTL, and total loss of this Ag's expression was observed 6 months after vaccination [56] . The evolution of tumor Ag-loss variants may therefore explain the progression or recurrence of cancer often observed in melanoma patients exhibiting robust tumor Ag-specific CTL responses [57] .
To circumvent the outgrowth of tumor Ag-loss variants that may occur following vaccination with a single peptide, multipeptide immunization strategies have been employed that aim to elicit responses to several tumor Ag. Induction of CTL responses against several epitopes allows for the potential of continued immune recognition of tumor cells that may downregulate expression of a given Ag. In a study involving stage IV melanoma patients who had been vaccinated with a combination of 4 peptides derived from the melanocyte differentiation proteins gp100 and tyrosinase, 40% of patients exhibited CTL reactive to these peptides in PBL, and all patients displayed vaccine-induced CTL responses in sentinel lymph nodes. Importantly, CTL expanded from the sentinel lymph nodes of these patients were functional effectors capable of lysing melanoma cells naturally expressing tyrosinase or gp100 [58] . While these findings were initially promising, another report on vaccination of melanoma patients with these 4 peptides and a tetanus helper peptide used to elicit CD4 + T cell help showed that although CTL responses were observed in 80% of immunized patients, objective clinical responses were seen in only 15% of patients [59] . More promising results were observed in a follow-up study in patients with resected stage IIB-IV melanoma that combined this multipeptide vaccination with administration of IL-2, a cytokine known to support T cell proliferation. At the time of the report, between 40% -50% of vaccinated patients remained disease-free at 2 years, depending on the time of IL-2 administration [60] . Additionally, of those patients who failed to mount a T cell response to vaccinating peptides, only 42% remained disease-free 2 years after surgery, whereas 70% of patients who did mount vaccine-induced T cell responses remained free of disease during this time. It is unclear whether the difference in clinical benefits of these two trials reflects the use of IL-2 as an adjuvant or the enrollment of patients with resected melanomas in the latter trial. Regardless, while much remains to be learned about factors that regulate the induction of anti-tumor immunity by peptide-based vaccines, the benefits observed in some patients in these early trials have encouraged pursuit of optimized multipeptide vaccine regimens. In this light, multipeptide vaccination trials have since been conducted that combine 12 peptides derived from a combination of cancer testis Ag and melanocyte differentiation proteins. Ten of these 12 peptides were shown to be immunogenic [61] and when compared to the aforementioned 4-peptide vaccine, the 12-peptide vaccine induced greater CTL response rates and magnitude in patients with resected stage IIB-IV melanoma. Disease-free survival in patients enrolled in this trial also correlated with T cell responses measured [62] . Similarly, another multipeptide vaccine trial has also been conducted with 6 epitopes that target CD4 + helper T cells, and like those vaccines targeting CD8 + T cells, while >80% of patients exhibited vaccine-induced helper T cell responses, <25% of patients exhibited either objective clinical responses or durable stable disease [63] . Most recently, a vaccine combining these 12 CD8 + T cell-specific peptides and 6 CD4 + T cell-specific peptides was administered to melanoma patients to determine whether melanoma-associated helper peptides could augment anti-tumor CTL responses. Surprisingly, while nearly 80% of patients vaccinated with the 12 CD8 + T cell-specific peptides displayed Ag-specific T cells in PBMC, <20% of patients vaccinated with both the CD8 + T cell-specific and CD4 + T cell-specific peptides exhibited CD8 + T cell responses to the vaccine [64] . A similar outcome was documented in another multipeptide vaccine trial combining modified gp100 and MART-1 HLA class I-restricted peptides with a class II-restricted gp100 peptide [65] . While it is possible that a loss of CTL reCopyright © 2013 SciRes. JCDSA Melanoma Immunotherapy: Overcoming Obstacles to Augment Anti-Tumor Immune Responses 11 covery from PBMC could reflect better homing of CTL to tumor deposits in the presence of CD4 + helper T cell responses, the former study involved resected melanoma patients who exhibited no clinically evident disease at the onset of the trial, and neither study reported any clinical benefit to the inclusion of class II-restricted peptides in the vaccine. An alternative explanation for these findings is that vaccination with a combination of peptides for both helper and cytotoxic T cells led to the induction of CD4 + regulatory T cells (Tregs) that dampened the magnitude of vaccine-induced CD8 + T cell responses. Suppression of Ag-specific CD8 + T cell responses by CD4 + CD25 + Tregs has been observed by a group studying TRP-2-specific T cell responses in the B16 murine melanoma model system [66] , and others have shown that CD4 + Tregs suppress vaccine-induced CD8 + T cell responses to this tumor [67] . CD4 + Tregs have also been shown to be induced by vaccination with a full-length recombinant NY-ESO-1 protein in adjuvant. Vaccination with full-length protein requires Ag processing by host APC and enables presentation of multiple epitopes derived from the source protein. Although this maneuver yielded effective anti-tumor immunity in a preclinical animal study [68] and induced both CD4 + and CD8 + effector T cell responses in a phase I clinical trial enrolling melanoma patients with fully resected disease [69] , immunization of patients with advanced melanoma resulted in significantly weaker effector responses that correlated with vaccine-induced accumulation of CD4 + CD25 + Fox-P3 + Tregs in both the blood and tumor tissue [70, 71] . It is possible that the differences in tumor burden in patients enrolled in these trials accounts for these discrepancies, and the heavy tumor burden in patients in the latter trial may have impacted the differentiation program of CD4 + T cells following Ag recognition. Therefore, while these collective findings demonstrate the efficacy of multipeptide-and protein-based vaccines in some patients, they also highlight the need to better understand factors that regulate the ultimate success of these vaccines so that their clinical potential may be maximized in a broad range of melanoma patients, particularly those with advanced stage disease.
DNA-Based Cancer Vaccines That Target Melanoma Ag to Host Antigen-Presenting Cells
Another approach for targeting melanoma Ag to host APC is vaccination with genes encoding these tumor Ag.
A variety of DNA-based vaccination strategies have been employed, including the use of both naked DNA and vector-mediated delivery of genes to APC. In an early animal study involving vaccination with naked plasmid DNA encoding foreign human gp100, Ag-specific CTL were generated that conferred protection against a subsequent challenge with B16 melanoma engineered to express the human homolog of this Ag [72] . Similar findings were observed in a B16-OVA melanoma model system following vaccination of mice with naked plasmid DNA encoding OVA; however, vaccination with plasmid DNA encoding TRP-2 did not confer protection against a subsequent challenge with wild type B16, despite the induction of a TRP-2 Ag-specific CD8 + T cell response [73] . These findings are consistent with those of other studies evaluating naked plasmid-based DNA vaccination against self melanocyte differentiation proteinderived Ag [74, 75] , suggesting that self-tolerance limits the anti-tumor efficacy of immune responses elicited by this vaccination maneuver. Naked DNA vaccines have yielded similar outcomes in human clinical trials as well. In one trial involving stage IV melanoma patients vaccinated with plasmid DNA encoding two tyrosinase peptides, tetramer staining analysis of PBL revealed that nearly 50% of vaccinated patients mounted Ag-specific CD8 + T cell responses, but these responses were transient and did not lead to tumor regression in any patients [76] . Another trial in which stage IV melanoma patients were vaccinated with plasmid DNA encoding MART-1/Melan-A epitopes resulted in induction of immunity to these Ag in ~25% of patients, and although induction of such immunity correlated with time to disease progresssion, it did not result in any objective clinical response to tumors [77] .
The observation that naked DNA vaccines are capable of eliciting in both model animals and melanoma patients CD8 + T cell responses that have little to no anti-tumor efficacy is similar to the aforementioned results obtained with many peptide/protein-based melanoma vaccines. One possible explanation for this paradox is that the CD8 + T cells induced by these vaccination strategies are not functional effectors. In this light, it is worth noting that naturally occurring anti-tumor CD8 + T cells recovered from both tumors [78] [79] [80] and peripheral blood [81] of melanoma patients have frequently been shown to be dysfunctional, and studies that have evaluated melanoma vaccine-induced frequency of Ag-specific T cells by both tetramer staining and functional assays have revealed a large percentage of Ag-specific T cells lacking effector function [47, 82] . The basis for this anti-tumor T cell dysfunction has often been unclear and could reflect either a direct suppression of T cell effector activity by melanoma cells and/or factors within the tumor microenvironment or, alternatively, the suboptimal induction of anti-tumor T cell immunity by tumor-influenced APC. As the role for APC, and particularly dendritic cells (DC), in the induction of anti-tumor immune responses has become appreciated [83] [84] [85] , and as critical insights into the role of DC maturation and activation status in directing T cell tolerance versus activation have been gained [86] [87] [88] , it is appealing to speculate that tumors might interfere with the function of DC and their ability to induce anti-tumor T cell immunity. Evidence to support this hypothesis comes from recent studies utilizing a preclinical murine B16-F1 metastatic melanoma model. In these studies, CD8 + T cell responses induced against both a neoantigen (the OVA 257 epitope of chicken ovalbumin) and a highly conserved melanocyte differentiation antigen derived from tyrosinase (the Tyr 369 epitope) are characterized by robust proliferation but minimal effector function when naive T cells are stimulated by endogenous cross-presenting APC in late-stage tumor-bearing mice [31] . This incompletely differentiated CD8 + T cell phenotype was also observed in tumor-bearing mice when exogenous protein, instead of tumor cells, was the source of Ag for cross-presenting APC. However, CD8 + T cells differentiated into functional effectors in mice with late-stage tumors when antigen was presented either by activated, exogenous BMDC [31] or by endogenous APC following administration of exogenous IL-12 [89] , a proinflammatory cytokine normally secreted by activated DC and involved in stimulating T cell effector function [90, 91] . These findings demonstrate that CD8 + T cells can differentiate into functional effectors in the context of advanced stage melanoma when stimulated appropriately and suggest that dysfunctional T cell responses may arise from insufficient stimulation by tumor-associated APC. Furthermore, recent studies have formally shown that B16 melanoma-derived factors suppress the maturation and activation of BMDC [92] and the DC lines DC2.4 and JAWSII [93, 94] . Interestingly, one of these studies demonstrated that the extent of DC2.4 immunosuppression correlates with the tumorigenicity of the melanoma under study, with the highly aggressive B16-F1 melanoma suppressing DC maturation and activation to a significantly greater extent than the poorly tumorigenic D5.1G4 melanoma, a chemically mutated variant of B16 [93] . These data suggest that tumor/DC interactions may play a critical role in regulating the overall quality of an anti-tumor immune response and its ability to control tumor outgrowth. Suppression of DC maturation and activation by tumor-derived factors may render these cells unable to support stimulation of functional effector T cell responses. Additionally, others have described tumor-associated induction of immunoregulatory, tolerogenic DC that actively suppress anti-tumor CD8 + T cell activation [95] [96] [97] . It is therefore important to better understand how both tumor and vaccine site [98] microenvironmental factors influence the maturation and activation of APC and the induction of anti-tumor immune responses, and these factors must become important considerations in the design and optimization of vaccine protocols, particularly those that target endogenous APC for stimulation of anti-tumor T cell immunity.
Because of the limited efficacy of naked DNA vaccines and the realization that such therapy might not be sufficient to deliver tumor Ag to APC with immunostimulatory capacity, strategies for delivering genes encoding tumor Ag to endogenous APC in a more immunogenic setting have been explored. In this light, oral immunization of mice with a recombinant strain of attenuated S. typhimurium carrying plasmid DNA encoding gp100 and TRP-2 peptide epitopes fused to the murine ubiquitin gene (to facilitate Ag processing and presentation) broke self-tolerance to these tumor Ag and induced Ag-specific CD8 + T cell responses that conferred protecttion against a lethal challenge with the poorly immunogenic B16G3.26 melanoma [99] . Similarly, replicasemediated DNA and RNA vaccine strategies that induce anti-viral signaling pathways, thereby triggering "danger signals" that may increase vaccine immunogenicity, have been more effective in inducing anti-tumor immunity [100, 101] and protection from melanoma challenge [102] than their naked nucleic acid vaccine counterparts. Protective immunity against B16 melanoma has also been achieved with a TRP-2-encoding adenovirus-based gene delivery system [103] . Additional promising data has recently emerged from a murine system employing a coronavirus-based vector encoding GM-CSF and a model tumor Ag. Delivery of this vector to DC induced their maturation and led to the induction of Ag-specific CTL as well as both prophylactic and therapeutic immunity against metastatic melanoma. This work was also extended to a preclinical model in which HLA-A2-transgenic mice were immunized with the coronavirus vector encoding an Ag derived from MART-1/Melan-A, and induction of a robust Ag-specific CD8 + T cell response that established a central memory pool was observed [104] . Based on these successes, vector-mediated delivery of genes encoding melanoma Ag have been pursued in clinical settings as well. Selective transduction of human DC obtained from sentinel lymph nodes of melanoma patients with an adenovirus vector encoding a MART-1/Melan-A Ag has been reported to activate high avidity effector CD8 + T cells and decrease the frequency of CD4 + Tregs from these nodes [105] . In a previous study, however, immunization of melanoma patients with similar adenoviral vectors encoding MART-1/Melan-A or gp100 did not elicit consistent reactivity from PBMC against these Ag. It is possible that high levels of neutralizing antibodies to adenovirus detected in patient sera prior to vaccination precluded stable expression of virus-encoded tumor Ag for processing and presentation by endogenous APC, thus negating the potential efficacy of this particular vector-based vaccination strategy [106] . A similar outcome was reported in a later phase I vaccinetion study using recombinant modified vaccinia virus encoding tyrosinase [107] . On the other hand, recom-13 binant vaccinia virus vectors encoding multiple melanocyte differentiation protein-derived Ag and costimulatory molecules have elicited Ag-specific CTL responses in melanoma patients [108, 109] , and one clinical trial utilizing this vaccine reported regression of individual metastases in 17% of patients and stable disease in 41% of patients [110] . The difference in outcomes of these studies with vaccinia virus vectors remains unclear and highlights both the potential for success of vector-based gene immunization strategies as well as the need to better understand the factors that regulate their immunogenicity and anti-tumor capacity in melanoma patients. Future studies will offer insights into strategies for optimizing the vectors, melanoma Ag and costimulatory genes, and vaccination regimens used in these gene-based immunotherapies and will hopefully lead to improved vaccineinduced anti-tumor immune responses in melanoma patients.
Exogenous Dendritic Cell-Based Cancer Vaccines
In contrast to the previously described peptide/proteinand gene-based cancer vaccines that rely on stimulation of immunity to melanoma Ag by endogenous host APC, vaccination strategies that employ exogenous DC presenting melanoma Ag have also been explored. Some of the early clinical trials utilizing such exogenous DC elicited weak or no CD8 + T cell responses and yielded poor clinical results [59, 111] . Importantly, though, with the emergence of data regarding regulation of T cell immunity by DC, it is likely that these outcomes can be explained by the use of DC that had not been appropriately matured and activated prior to immunization, and it has been shown that immature DC are tolerogenic and inhibit T cell effector function when administered to patients [112] . On the other hand, immunotherapy with DC that have been matured and activated in vitro should enable immunization against melanoma Ag in the context of an immunostimulatory APC, and such vaccination strategies have the advantage of bypassing the need for processing and presentation of tumor Ag by endogenous APC whose immunogenicity may be compromised by suppressive cells or soluble factors within the tumor microenvironment. Therefore, significant efforts have been made to optimize exogenous DC-based vaccination protocols. In murine models, CD40L-mediated activation of BMDC pulsed with either peptide Ag or tumor lysate induced robust CD8 + T lymphocyte responses and conferred antitumor immune protection [30, 35, 113] . Likewise, CpG signaling via TLR 9 mediated conversion of tolerogenic splenic DC into immunogenic DC that induce Ag-specific CD8 + T cell activation and anti-tumor immune protection [114] . Furthermore, exogenous DC-based vaccines have been shown to be superior to alternative vaccination maneuvers that rely on endogenous APC for stimulation of anti-tumor T cell immunity. Multiple studies comparing the efficacy of peptide-pulsed DC immunization with that of naked DNA and peptide-based vaccines involving TRP-2 Ag showed that only peptide-pulsed DC conferred protection against a subsequent challenge with B16 melanoma [33, 73] , despite evidence that all three maneuvers elicited Ag-specific CD8 + T cell responses [73] . In addition to prophylactic efficacy, this maneuver also had a significant therapeutic effect, resulting in delayed outgrowth of tumors in 40% of mice previously challenged with B16 melanoma and complete tumor rejection in 20% of these animals [73] . Similar results have also been reported for exogenous DC genetically modified to express human gp100 by liposome-mediated transfection. Immunization with these cells elicited Agspecific CD4 + and CD8 + T cell responses and was more effective than naked DNA-based vaccines in conferring both prophylactic and therapeutic anti-tumor immunity [115] . Human DC populations have also been genetically modified with plasmid cDNAs, RNAs, and different viral vectors and evaluated for their ability to stimulate tumorreactive T cell responses. Transduction of these DC with adenovirus and retroviral vectors encoding class I-and class II-restricted epitopes of gp100 or NY-ESO-1 led to more efficient stimulation of cytotoxic and helper T cell lines specific for these Ag than did transfection with either cDNA or RNA [116] . Genetic modification of human DC to express melanoma Ag may therefore be a useful means of eliciting robust anti-tumor immunity in cancer patients as well.
The promise of the aforementioned findings in both murine and preclinical systems has driven the design of many clinical trials aiming to test the therapeutic efficacy of exogenous DC-based vaccination in melanoma patients. Impressive clinical results were observed in an early trial enrolling advanced stage IV melanoma patients exhibiting progressive disease despite prior chemotherapy. Vaccination of these patients with Mage-3A1 peptidepulsed, mature monocyte-derived DC led to induction of Ag-specific CTL responses in >75% of patients and complete regression of individual metastases in >50% of patients [117] . In a separate study, a large percentage of high-risk stage III melanoma patients immunized with tumor lysate-and/or peptide-pulsed DC following lymph node dissection exhibited Ag-specific CD8 + T cell responses. In this study, the 3-year overall survival rate of vaccinated patients versus unvaccinated controls was 68.2% versus 25.7%, and the corresponding disease-free survival rates during this time period were 40.9% versus 14.5% [118] . Another early trial involving immunization with DC pulsed with either tumor lysate or a mixture of several melanoma peptide Ag and a non-melanoma helper Ag reported induction of Ag-specific CTL and ob-jective clinical responses in >30% of patients, with regression of metastases occurring in various organs. Of the 16 patients enrolled in this trial, 2 exhibited complete tumor regression [119] . More recently, patient-specific vaccines with DC matured after culture with irradiated autologous tumor cells have led to durable complete tumor regression in stage IV melanoma patients as well [120, 121] . The inclusion of melanoma helper Ag or tumor lysates/autologous tumor cells during the preparation of immunizing DC allows potential targeting of CD4 + helper T cell responses in melanoma patients. Interestingly, the results observed in the studies utilizing these approaches are in stark contrast to those documented for standard peptide/protein-based immunotherapies targeting both cytotoxic and helper T cells, which reported diminished CTL responses and the induction of suppressive CD4 + Tregs [64, 65, 70, 71] . A recent study has formally demonstrated that targeting both CD4 + and CD8 + T lymphocytes with peptide-pulsed DC vaccination enhances tumor-specific CD8 + T cell responses and clinical outcome in melanoma patients [122] , and another has reported that DC-based vaccination leads to a decrease in the frequency of Tregs in peripheral blood of melanoma patients [123] . It is likely that the different outcomes of the trials employing exogenous versus endogenous DC-based vaccination strategies can be explained by differences in the context in which Ag presentation to T cells occurs, and these results highlight the advantages of exogenous, immunostimulatory DC-based therapies over those that rely on endogenous APC whose stimulatory capacity may be rendered sub-optimal or even tolerogenic by tumor-derived factors and/or tumor-associated cells.
Despite the overwhelming success of exogenous DCbased vaccines in the treatment of many melanoma patients, there are still a significant number of patients who exhibit little or no response to this immunotherapy, and much remains to be learned about factors that control the immunogenicity of these vaccines. For instance, although exogenous DC can be efficiently matured and activated prior to immunization of patients, it is still possible that their stimulatory capacity might be compromised by tumor-derived factors following vaccination, and the presence and/or concentration of such factors within the tumor microenvironment are likely to be patient-specific. It is interesting that gene-silencing of STAT3 in human DC with genetically engineered adenovirus expressing STAT3 shRNA resulted in more efficient TLR-induced cytokine secretion, higher resistance to melanoma-derived factors, and more efficient induction of tumor Agspecific T cell responses by DC [124] . STAT3 signaling is initiated by a variety of tumor-derived factors, and such signaling has been shown to inhibit DC activation and drive the differentiation of DC into myeloid-derived su-ppressor cells (MDSC) [125] [126] [127] . It is therefore likely that interfering with this and related signaling pathways in exogenously administered DC will improve their anti-tumor efficacy in melanoma patients. Likewise, DC that are genetically engineered to interfere with immunomo-dulatory receptors expressed on endogenous immune cells, such as CTLA-4 on effector T cells and GITR on Tregs, can enhance the overall immunogenicity of these cells as well [128, 129] . Finally, others are investigating how the efficacy of exogenous DC-based vaccination is impacted by different maturation stimuli [130, 131] , the subsets of DC used for immunization [132, 133] , the route of immunization with DC [134, 135] , and the mechanism of Ag delivery to DC [136, 137] . Moving forward, it will be important to further evaluate these various criteria in order to optimize the immunogenicity and anti-tumor efficacy of exogenous DC-based vaccines.
Adoptive T Cell Transfer Therapy
In contrast to the aforementioned vaccination-based immunotherapies that aim to elicit anti-tumor immune responses in melanoma patients, adoptive cell transfer (ACT) therapy is a maneuver that aims to augment a patient's own endogenous anti-tumor immune response in order to improve its efficacy. In this procedure, peripheral blood T cells or tumor-infiltrating lymphocytes (TIL) are isolated from melanoma patients, expanded under immunostimulatory conditions ex vivo, and reinfused into patients in significantly larger numbers than those that were present during the patient's natural antitumor immune response. The first extensive study of ACT in melanoma patients was reported in 1994 and involved transfer of autologous TIL and high-dose IL-2. In this study, 34% of patients receiving this immunotherapy exhibited objective clinical responses [138] , demonstrating the potential of this maneuver for effective treatment of melanoma patients. Unfortunately, though, the duration of the clinical responses observed in these patients was often limited and may have been due to reinfusion of a set number of total expanded TIL, many of which could have been derived from cells infiltrating the patients' tumors that were not tumor Ag-specific. Subsequent ACT trials sought to preclude this possibility by utilizing tumor Ag-specific T cell clones generated by limiting dilution from bulk PBL or TIL cultures derived from melanoma patients. One advantage to this approach for generating tumor Ag-specific T cells for ACT therapy is that clones can be selected on the basis of their avidity and tumor reactivity, both of which will be highly variable in mixed T cell populations that are expanded in an ex vivo setting or following induction in vivo by vaccination strategies. Additionally, adoptive transfer of T cell clones results in significantly higher frequencies of Ag-specific T cells in patients when compared to those frequencies typically achieved following peptide-and exogenous DC-based vaccination [46, 117, 139] . However, in ACT studies involving rapidly expanded T cell clones exhibiting reactivity against a gp100 peptide that had been used previously to vaccinate patients, although a small percentage of patients exhibited minor or mixed responses, no patients in these trials exhibited objective clinical responses [140, 141] . Similar observations were made in a study evaluating adoptive transfer of cloned T cells specific for either MART-1 or gp100 peptide epitopes [139] . These results may be explained by limited survival time of adoptively transferred T cell clones [140] , exhaustion of T cell clones requiring multiple stimulations to achieve the threshold number of cells needed for transfer [142] , the selection of tumor Ag loss variants following infusion of cloned T cells specific for a single tumor Ag [141, 143] , or the diversity of effector phenotypes displayed by an array of clones from a patient and selection of one with suboptimal effector function for infusion [144] .
To overcome the limitations of these early ACT therapy clinical trials, significant efforts have been made to optimize protocols for generating T cells for adoptive transfer. One strategy that has met with improved clinical success involves the initiation of multiple independent TIL cultures from melanoma biopsies followed by screening of those cultures for antitumor activity and a single round of rapid expansion of the most tumor-reactive cultures [145] . This approach enables the generation of separate TIL cultures with different antigenic specificities that can then be administered together in large enough numbers without the need for repetitive ex vivo TCR stimulation. Impressively, in one trial, transfer of such TIL into patients with metastatic melanoma that was refractory to standard therapies resulted in objective clinical responses in 6 out of 13 patients and mixed responses in another 4 patients [146] . Importantly, this trial also involved nonmyeloablative, lymphodepleting chemotherapy prior to ACT, a maneuver that had been shown to improve the therapeutic efficacy of adoptively transferred T cells in murine tumor models [147, 148] , likely owing to its elimination of endogenous regulatory cells prior to T cell transfer and its alteration of homeostatic mechanisms that might otherwise limit the in vivo proliferation of adoptively transferred cells. It should also be noted that this method of generating T cells from TIL cultures enables simultaneous transfer of both CD8 + T cells and CD4 + T cells, the latter of which have been shown to contribute to the persistence of CD8 + T cells in both murine and human systems [149, 150] . A subsequent trial employing this same strategy similarly resulted in 51% of patients exhibiting objective clinical responses, including some complete responses, with regression occurring in metastases in the lung, liver, brain, lymph nodes, and subcutaneous and cutaneous tissue [151] . More recent trials that have utilized this strategy for generating T cells for ACT and that compared lymphodepleting chemotherapy versus myeloablative and lymphodepleting chemoradiation prior to transfer have reported complete regression of metastatic melanoma in >20% of patients and objective clinical responses ranging from 49% -72% of patients [152, 153] . Moreover, of those patients in which tumor regression was complete, 95% were reported to exhibit ongoing complete regression beyond 3 years [154] . Collectively, these data are among the most impressive seen to date for melanoma immunotherapy and demonstrate the utility of ACT therapy using ex vivo expanded T cells for the treatment of metastatic melanoma.
Despite the successes of many ACT therapy regimens in the treatment of metastatic melanoma, not all patients exhibit objective or even partial clinical responses to this therapy. Furthermore, not all melanoma patients mount endogenous anti-melanoma immune responses, and of those who do, not all exhibit responses of the same effector quality or of the same avidity for melanoma tumor Ag. Therefore, differences in ex vivo expanded T cells from patient to patient may account for differences in the efficacy of ACT therapy among patients. To address this problem, an approach that is currently being explored to improve the recognition of tumors by adoptively transferred T cells is the genetic engineering of these cells to express receptors with high avidity and specificity for melanoma Ag. In a murine model, retroviral transduction of CD4 + and CD8 + T cells with vectors encoding T cell receptors specific for epitopes derived from TRP-1 and gp100, respectively, led to efficient expression of Agspecific T cell receptors, and adoptive transfer of these cells into mice bearing established B16 melanoma resulted in delayed tumor outgrowth [155] . Similar observations were made when PBL retrovirally transduced to express a TCR specific for a gp100-derived epitope were transferred into B16 melanoma-bearing animals [156] . Following these murine studies, genes encoding the alpha and beta chains of a MART-1-specific TCR expressed by a TIL clone that had been used for ACT therapy in a previous patient who exhibited nearly complete regression of metastatic melanoma were cloned into a retroviral vector for transduction into PBL. Melanoma patients receiving these retrovirally transduced PBL during ACT therapy exhibited durable engraftment of TCR geneengineered cells for at least 2 months, and 2 of 15 patients exhibited objective regression of melanoma metastases and persistence of gene-engineered cells 1 year post-transfer [157] . A subsequent trial using PBL engineered to express a higher avidity MART-1-specific TCR reported objective cancer regression in 30% of patients.
In this same trial, transfer into a separate set of patients of PBL transduced with a retroviral vector encoding a murine gp100-specific TCR generated in HLA-A2 transgenic mice also led to objective clinical responses in 19% of patients [158] . Although the objective clinical response rates observed in these trials are significantly lower than the aforementioned ACT therapy trials and are likely limited by the transfer of cells targeting a single tumor Ag, these data offer promise for the transfer of TCR gene-modified lymphocytes as a treatment option for melanoma patients from which TIL cannot be isolated or from which TIL with low avidity for tumor Ag are recovered. The success of ACT therapies utilizing TCR gene-engineered lymphocytes is also likely to improve as the methods for gene delivery and expression are optimized. For instance, in a recent study, a CD8 + cell-specific lentiviral vector-based system has been used to drive expression on CD8 + T cells of a TCR recognizing a tyrosinase epitope, and this maneuver actually resulted in enhanced CD8 + T cell effector function when compared to transduction of T cells with a traditional, target non-specific lentivirus [159] .
In addition to conferring antigenic specificity to adoptively transferred cells by introduction of genetically engineered TCR into lymphocytes, genetic engineering is also being used to improve the overall quality of cells used for adoptive transfer. Indeed, another potential explanation for the failure of ACT therapy to mediate objective clinical regression in some patients is that transferred T cells, despite exhibiting high avidity for tumor Ag and robust effector activity, are either unable to effectively traffic to tumors or are suppressed by tumorassociated factors following their infiltration. It has been shown that clinical response to ACT therapy correlates with the number of T cells migrating to the tumor microenvironment [160] , and maneuvers to improve T cell trafficking to melanoma are likely to augment the clinical efficacy of this therapy. In fact, human melanomas have been shown to express high levels of the monocyte/ macrophage-targeting chemokines CXCL1 and CXCL8 [161, 162] , and gp100-specific TCR transgenic T cells retrovirally transduced to express the CXCR2 receptor for these chemokines exhibited enhanced migration to established B16 melanoma and improved tumor control [163] . Similar results were observed in both a neuroblastoma and a malignant pleural mesothelioma model when T cells were engineered to express CCR2b, the receptor for the chemokine CCL2 that is secreted at high levels by these tumors [164, 165] , further highlighting the potential for genetically engineered expression of chemokine receptors on T cells to improve ACT therapies for cancer. Alternatively, in cases where T cells are able to effectively traffic to melanoma tumors, it is frequently reported in both murine models and in melanoma patients that these T cells lack effector function and are unable to control tumor outgrowth [79, 80, [166] [167] [168] . Therefore, adoptive transfer of T cells that have been genetically modified either to resist immunosuppressive factors or to promote durable activation and survival has the potential to improve the efficacy of ACT therapy. For instance, a recent study has evaluated the efficacy of ACT therapy with CD8 + T cells whose cblb gene had been silenced by transfection with synthetic siRNA prior to transfer. Cblb is a negative regulator of T cell activation [169] , and its deficiency in T cells has been shown to result in T cell activation without the need for costimulation [170] and to confer T cell resistance to TGFβ-mediated suppression and TGFβ-mediated induction of Tregs [171] . Adoptive transfer of cblb gene-silenced T cells into mice bearing B16 melanoma delayed tumor outgrowth and enhanced survival, and these results correlated with enhanced effector activity of CD8 + TIL [172] . In this same study, silencing of cblb in human CD8 + T cells also resulted in augmented effector activity, even in the absence of costimulation and the presence of TGFβ, suggesting the potential for this approach to improve the anti-tumor efficacy of these cells during ACT therapy of melanoma patients. Similar results have been observed following adoptive transfer of T cells with silenced expression of the negative regulators PD-L1 and PD-L2 [173] . In other studies, T cells engineered to express homeostatic cytokines [174] , anti-apoptotic proteins [175] , and costimulatory molecules [176] also exhibited enhanced survival, effector activity, and control of tumor outgrowth. It will be interesting to determine how such engineered T cells impact anti-tumor immunity in human trials, and as more is learned about factors that regulate the efficacy of T cell responses to tumors, similar genetic engineering approaches are likely to improve the clinical outcome of ACT therapy for melanoma patients.
Conclusion
Since the discovery of anti-tumor T cell responses in melanoma patients and the identification of a number of melanoma tumor Ag recognized by these T cells, the emergence of data supporting immunotherapy as a treatment strategy for melanoma patients over the last few decades has been overwhelming. Vaccination strategies that rely on endogenous APC or that employ laboratorygenerated, exogenous APC to induce tumor-specific T cell responses, and ACT therapy regimens that aim to augment naturally occurring or vaccine-induced T cell responses in melanoma patients, have all met with varying degrees of success for the treatment of metastatic melanoma and have encouraged pursuit of immunotherapy as a viable treatment option for this cancer. As this field moves forward, it is vital that we gain an increased understanding of both basic tumor, DC, and T cell boi-logy and the impacts that interactions between these cells and their products have on the induction and quality of anti-tumor immune responses. Identification of tumorderived factors that alter the function of both DC and T cells and elucidation of the suppressive mechanisms mediated by tumor-associated immunoregulatory cells will be important for investigating how these molecules and cells affect the quality of vaccinating cells, the targets of these vaccines, vaccine-induced immune responses, and adoptively transferred T cells in melanoma patients. Such information will suggest novel strategies for interfering with immunosuppressive pathways that might limit the efficacy of melanoma immunotherapies, leading to more robust anti-tumor immune responses and better clinical outcome in melanoma patients. Furthermore, targeting recently identified melanoma Ag and novel melanoma Ag identified in the future may also improve the antitumor efficacy of many immunotherapeutic strategies, as will optimization of vaccine/ACT delivery methods and the source of cells used for these therapies. Collectively, this knowledge is sure to improve the outcomes of future melanoma immunotherapy clinical trials, and it is likely to be applicable to the immunotherapeutic treatment of other cancer types as well.
